Abstract. Protocols that aim to construct complete models of multiprotein complexes based on ion mobility and mass spectrometry data are becoming an important element of integrative structural biology efforts. However, the usefulness of such data is predicated, in part, on an ability to measure individual subunits removed from the complex while maintaining a compact/folded state. Gas-phase dissociation of intact complexes using collision induced dissociation is a potentially promising pathway for acquiring such protein monomer size information, but most product ions produced are possessed of high charge states and elongated/string-like conformations that are not useful in protein complex modeling. It has previously been demonstrated that the collision induced dissociation of charge-reduced protein complexes can produce compact subunit product ions; however, their formation mechanism is not well understood. Here, we present new experimental evidence for the avidin (64 kDa) and aldolase (157 kDa) tetramers that demonstrates significant complex remodeling during the dissociation of charge-reduced assemblies. Detailed analysis and modeling indicates that highly compact intermediates are accessed during the dissociation process by both complexes. Here, we present putative pathways that describe the formation of such ions, as well as discuss the broader significance of such data for structural biology applications moving forward.
Introduction P rotein complexes are critically important targets for structural biology, as such macromolecular complexes drive the majority of key cellular process and are, thus, highly sought drug targets [1] . In the post-genomic era, the rapid structural analysis of protein complexes, largely driven by advances in Xray crystallography and nuclear magnetic resonance (NMR) spectroscopy, has catalyzed many breakthroughs in human health [2] . However, the limitations of such technologies for proteins that are difficult to purify in large amounts, or are natively active within conformationally and compositionally diverse ensembles, necessitates the development of a broader suite of tools capable of protein complex structural analysis.
Mass spectrometry (MS) techniques readily offer rapid analysis of mixtures, and many techniques are available for probing the structures of protein complexes in solution [3] . Among these, ion mobility-mass spectrometry (IM-MS) has proved useful for determining the overall size and coarse-grained structure of intact protein complexes through measurements carried out in the gas phase [4] [5] [6] [7] [8] .
Model structures of protein-protein complexes that rely upon IM-MS data are typically constructed by first measuring the intact assembly using MS [9] . This step is followed by various protocols aimed at disrupting the intact complex into subcomplexes, and eventually its monomeric building blocks, as mass measurements of such species provide direct protein connectivity information [9] . For three-dimensional modeling, collision cross section (CCS) values from IM measurements for the intact assembly, as well as all observed subcomplexes, are input into a restraint-guided search of theoretical protein topologies that satisfy all experimental constraints. The accuracy of the IM-MS measurements, as well as the number of subcomplexes observed during data collection directly influences the confidence level and information content of the models generated [10] [11] [12] . Such IM-MS methods have recently been used to construct models of polydisperse heatshock proteins [13] , ATP synthase [14] , the CRISPR-associated cascade assembly [15] , amyloid-associated aggregates [16] , and replisome-related complexes [17] .
Of the information content typically required for IM-MS protein complex model generation, a comprehensive CCS analysis of protein monomers that comprise the assembly is both an essential element and a bottleneck in current methodologies. For example, solution-phase disruption approaches for producing low charge state protein monomers for IM-MS measurements is currently the dominant approach to the problem; however, such data collection requires extensive screening of solution conditions to remove subunit proteins from the assembly without significant remodeling or unfolding [9, 12, [18] [19] [20] [21] [22] [23] . An alternative method for generating IM information on compact protein subunits is through gas-phase dissociation. The most direct route to compact product ion formation in the gas phase is currently surface induced dissociation (SID), where ion-surface collisions of protein complex precursor ions induces activation on a short timescale in a shattering-type mechanism to produce compact subcomplex product ions [24, 25] . For precursor ions having charge states produced under native MS conditions, collision induced dissociation (CID) produces highly charged, highly unfolded monomer ions along with stripped protein complexes at reduced charge states [26] [27] [28] . Such unfolded protein ions are not readily relatable to protein structures in solution, and are thus not easily used in the context of protein complex model construction. CID of charge reduced protein complexes, on the other hand, has been shown to eject compact subunits [29] . The primary example of this CID pathway comes from charge-reduced tetrameric transthyretin (TTR) ions, which have been observed to produce both compact monomers and peptide ions at higher energies and lower charge states [29] . Alternatively, CID of charge amplified protein complexes can produce compact product ions reflective of assembly substructure [30, 31] , despite evidence suggesting that such charge-enhanced precursor ions readily adopt elongated structures in the gas phase [32] . In all cases, a detailed mechanism of ion formation is currently obscure, but it is clear that greater control and understanding of the processes involved would catalyze an enhanced capability to model multiprotein structures using IM-MS.
Methods for reducing analyte ion charge states range from simple solution manipulation approaches to more complex gasphase ion-neutral and ion-ion reactions [33] [34] [35] [36] [37] [38] [39] [40] [41] , with advantages and disadvantages for each. Solution-phase manipulation approaches for charge reduction have the advantages of simplicity and efficiency; however, such protocols also often sacrifice native protein-protein interactions, as well as the overall effectiveness of the charge reduction process [33] [34] [35] .
Alternatively, gas-phase charge reduction approaches do not affect protein-protein interactions; however, require specialized instrument modifications and typically sacrifice molecular efficiency, in that charge reduction agents must often be added in large excess to significantly reduce ion charge [35] [36] [37] [38] [39] [40] [41] .
Here we attempt to answer some of the underlying questions surrounding the formation of compact monomeric CID product ions from charge reduced protein complexes by studying avidin (64 kDa) and aldolase (157 kDa) tetramers. Using solutionbased charge reduction methods, we record collision induced unfolding (CIU) over a broad range of charge states to observe protein complex stabilities and unfolding patterns. Furthermore, we measure the CCSs of both parent and product ions produced by CID from each precursor charge state, as well as the charge state distributions (CSDs) of the product ions formed. Current models of protein complex CID suggest that charge is equally distributed over all protein surfaces in the transition states accessed by the complex prior to dissociation, creating clear expectations for ratios of product ion/parent ion CCSs and CSDs. For both protein tetramers studied here, we observe ratios that do not align with such expectations without invoking intermediate states that are both compacted overall, and constructed of compacted subunits. In the case of aldolase, such states are directly observed; however, for avidin they are inferred from CSD and product ion data alone, suggesting the presence of an unstable, transient intermediate species not captured on the timescale of our IM-MS measurements. We then use CCS data as physical constraints to build models describing the CID pathways observed for these two protein tetramers and discuss their significance.
Experimental

Sample Preparation
Avidin (chicken egg white) and aldolase (rabbit muscle) were prepared under native conditions in 200 mM ammonium acetate to a concentration of 10 μM following buffer exchange using Bio-Rad spin columns with a 40 kDa low mass cutoff (Hercules, CA, USA). Charge reduced states were achieved under two different protocols; either by buffer exchanging and diluting protein samples into triethylammonium acetate (TEAA) or by addition of the charge reducing agent triethylamine (TEA), and in some cases TEAA, at various low concentrations to samples prepared in ammonium acetate [34] . All proteins, buffers, and charge reducing agents were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Instrumentation and Data Analysis
IM-MS experiments were performed on a commercial quadrupole-traveling wave ion mobility-time-of-flight mass spectrometer (Q-TWIM-TOF MS) instrument purchased from Waters (Synapt G2 HDMS; Manchester, UK). IM-MS data was analyzed using MassLynx software and CCSs were measured using standard calibrants following a previously published protocol [13, 42, 43] . CIU and CID experiments were performed by increasing the collision energy in the BTrap T-Wave^region of the instrument, after quadrupole mass selection and prior to IM separation. Data were acquired at 5 V intervals over a voltage range that allowed all charge states of a protein to be studied over the same laboratory-frame energy range (i.e., tetramer charge state × trap collision energy voltage).
Protein unfolding was assessed using CIU Bfingerprints,ŵ hich are generated by plotting intensity normalized drift time chromatographs into 3D contour plots of CCS verse lab-frame collision energy (e.g., Figure 1a ). To record CIU threshold energies, the CCS of the most abundant peak was identified at each collision energy. From these CCSs, the smallest CCS (at energy E 1 ) was identified and all CCSs 2.5% greater than the smallest CCS were selected. From this list, the CCS with the lowest energy (at energy E 2 , where E 1 <E 2 ) is chosen and is defined as the CIU energy threshold. A 2.5% increase in CCS was chosen to define the CIU energy threshold as it simplified data analysis and provided results equivalent to those produced by a more computationally intense, first-order derivative method. Similarly, CID energy thresholds were measured from MS data, and are defined as the energy at which the greatest positive difference in relative product ion intensity between adjacent 5 V steps is observed (first-order derivative method).
Molecular Modeling
Simulated monomer structures for avidin and aldolase were built starting from the known protein complex X-ray crystal structures (1AVE and 1ADO, respectively) [44, 45] . We assigned charge to basic residues (Lys, Arg, His, and Nterminus) within monomers extracted from these X-ray structures in a manner such that charge positions were distributed evenly over the surface of the protein ion, minimizing Coulomb repulsion. All the molecular dynamics simulations were performed using the GROMACS [44] software package (ver. 4.5.5) [44, 46] utilizing the GROMOS96 53a6 force field [47] . The system was energy-minimized by the steepest descent method, and then went through an N-V-T and subsequently an N-P-T simulation. The monomeric protein was then subjected to simulated annealing where the system temperature was stepped from 300 to 800 K, then cooled back to 300 K in a periodic manner for 50,000 iterations over the course of a 20 ns simulation, in order to allow generated models to escape from local minima and enhance equilibration. Every fifth 300 K structure was recorded (producing 10,000 total structures) throughout the simulation [48, 49] . It is important to note that in this work, we treated the dynamics simulations described above as a conformational search only, and used any energetics reported from these simulations as only a weak filter for evaluating the model structures produced. From these structures, compact models that both agreed well with experimental monomeric CCS measurements (as computed using a scaled projection approximation in MOBCAL and IMoS, where a 15% scaling factor was used and no direct changes to the individual atomic radii are implemented relative to standard CCS calculations, consistent with previously-reported methods for multiprotein complex CCS analysis) [50, 51] , and possessed the lowest final energy with respect to our simulation, were selected to construct native-like tetramer models. To model tetramers with rearranged structures, spherical representations of compact monomers with CCSs equal to experimental measurements were docked to a protein trimer (built from compact monomer spheres) of appropriate, experimentally defined CCS, and the conformational space was sampled using a Monte Carlo search [10] . In the case of these coarse-grained structures, CCS values were computed using an unscaled projection approximation, as described previously [10, 11] . Final structures are selected based on agreement with experimental size (CCS) constraints and acceptable spherical overlap (15%-45%) [10] .
Results and Discussion
The native charge states of aldolase (23
, generated from pure ammonium acetate solution, and those produced using charge reduction additives (17
were measured over a laboratory-frame collision energy range from 540 to 3600 eV (with the exception of 17 + , for which our dataset has an upper limit of 3400 eV). Over this energy range, all protein charge states undergo structural transitions and dissociation. Figure 1a presents CIU fingerprints for four aldolase charge states (for all 11 CIU fingerprints see Supplemental Figure 1 ). Overlaid on these plots are dashed white lines, which represent the CID threshold measured for each ion. The CIU data recorded for the five charge states observed from unmodified ammonium acetate solutions are all very similar; each ion unfolds extensively prior to the onset of dissociation, with higher charge state ions adopting a greater number of meta-stable conformational states, but always trending towards a more extended conformation. A transition in the observed protein unfolding pathway becomes apparent beginning with the 21 + ion, where a compacted conformational state is observed at lower energies compared with those assigned to monomer unfolding. This protein complex compaction is enhanced and observed over a broader range of energies as lower charge states are evaluated, mirroring previous work with cavity-bearing protein complexes [52] . Ultimately, the 17 + produces an unfolded conformation with a CCS smaller (1.5%) than the low energy CCS of the intact complex because of extensive compaction at lower energies (4.1%).
Further evidence of a shift in dissociation pathway is indicated by the CID threshold energy for each aldolase precursor ion selected for CIU. As shown in Figure 1b , there is a general increase in the CID threshold energy value (purple) as the charge state decreases from 27 + to 21 + . However, this trend breaks down for lower charge states, where a significant decrease in the threshold energy is observed. It is important to note that this shift in threshold energy is isoenergetic with the tetramer compaction observed for the aldolase tetramer at lower charge states. As observed in Figure 1a , CIU threshold energy increases with decreasing tetramer charge state (Figure 1b, blue) . The asymmetric protein complex dissociation pathway is expected to exhibit significant unfolding prior to complex dissociation, and this is observed experimentally by plotting the difference between the CID and CIU thresholds observed as a function of tetramer charge state (Figure 1c ). Higher charge states exhibit a positive difference supporting an asymmetric, protein-unfolding centric dissociation pathway. However, the energy difference for lower charge states (19 + -17 + ) is negative, indicating that a significant population of product ions are likely produced from a compacted tetramer precursors, having undergone no significant unfolding.
Also plotted are the average monomer product ion charge states observed in our dataset (Figure 1b, red) . We record a decrease in product ion charge state with decreasing tetramer precursor charge state. However, we note that the average percentage of the total precursor ion charge transferred to the monomer product ions decreases only modestly over the range of ions studied here, ranging from 60% charge migration on average for the monomers from 27 + tetramers to 46% charge migration on average for those monomers produced from 19 + precursors, with similar values recorded for 18 + and 17 + tetramers as well. Taken together, the data in Figure 1 point to a shift in the dissociation pathway that likely occurs between the
22
+ and 19 + charge states, characterized by a compacted tetramer transition state, and leads to a lower energy dissociation thresholds.
The native charge states of avidin (15
, generated from protein prepared in ammonium acetate, as well as those produced via charge reduction (11 + -16 + ), were measured over a laboratory-frame collision energy range of 540-2400 eV (with the exception of the 11 + , which has an upper limit of 2200 eV in our dataset). Over this energy range, all charge states undergo structural transitions and dissociation. Figure 2a shows CIU fingerprints for four avidin charge states (for all seven CIU fingerprints see Supplemental Figure 2 ). Overlaid on these plots are dashed white lines, which represent the CID threshold characterized in the same manner as for the aldolase data described above. The three charge states observed for proteins generated from pure ammonium acetate solutions are very similar; each ion unfolds extensively prior to the onset of dissociation, with the transitions from compact, to intermediate, to extended states similar to both aldolase and previously reported data [29] . A transition in CIU is apparent at the 14 + ion (see Supplemental Figure 2 ) indicated by a significant decrease in the number of unfolded conformational states observed. This observation extends to all ions of lower charge. Unlike aldolase, the CIU data for low charge states of avidin does not reveal any significant compaction within the intact tetramer.
In further contrast to our aldolase dataset, Figure 2b shows a much different general trend for avidin CID and CIU threshold energies, where values decrease continuously in the case of avidin across the entire charge state range studied. In addition, the charge states acquired by monomer product ions are observed to decrease in a near-linear fashion as a function of decreasing precursor ion charge state, and the energy required for CIU does not exceed that for CID in our avidin dataset, both in contrast to the non-linear transitions and trends observed for aldolase above. Both our avidin and aldolase datasets share similarities with previous CIU/CID data for TTR, where a general mechanism absent of any precursor structure transitions was invoked to explain the IM-MS data collected as a function of charge state [29] . Avidin data specifically resembles that of TTR, with its lack of an experimentally-observable compact state only revealed through detailed CSD and CCS ratio analysis.
Current models of the protein complex CID pathway, which describe how unfolded monomers as well as stripped, chargereduced protein complexes are produced as product ions, require that charge is equally partitioned over the surface area of the unfolded transition states accessed by the assembly during activation [53] . This requirement produces several testable values that can be extracted from our aldolase and avidin datasets. The first is the ratio of the monomer product ion size to the tetramer precursor ion size (monomer CCS/tetramer CCS, expressed as a % of tetramer CCS), and the second is a ratio of monomer and tetramer precursor charge state (CS). Figure 3 plots these two metrics against each other for data acquired for aldolase (Figure 3a) and avidin (Figure 3b) , along with idealized ratios of CCS values, represented as horizontal dashed lines, derived from models described below. The relative number of ions that account for each point in the diagram is represented by the relative size of that point within the plot. In general, we observe a positive trend for both assemblies in that protein charge asymmetry generally increases with increasing size asymmetry (e.g., from monomer unfolding). The differences we observe between the two datasets shown in Figure 3 , however, far outweigh their similarity. For example, the aldolase data shown in Figure 3a can be approximated by a single, near linear trend line, whereas there is a clear discontinuity for the avidin in the data shown in Figure 3b (data from Figure 3a and b are represented with unscaled data points and guide lines to highlight the trends in Supplemental Figures 3 and 4,  respectively) . In addition, compared with idealized CCS ratios between X-ray derived monomers and tetramers, which should function as a lower-limit to the size differences recorded provided X-ray structures are preserved in the gas phase during activation, the majority of aldolase values are greater (83.1%), whereas 59.7% of avidin data points lie below such a threshold.
In order to develop models of avidin and aldolase that account for a larger proportion of the data acquired than those derived from unmodified X-ray structures, we began by building putative models of intermediate tetramer structures based on the compacted portion of our CCS dataset. Such models, once generated, would act to alter the monomer/tetramer CCS (c) Collision energy differences are plotted between the CID and CIU thresholds. The CIU threshold for 11+ ( ) was not observed, and in its place we show a point at the highest attainable laboratory frame energy on our instrumentation for illustrative purposes ratios that we project on to the plots shown in Figure 3a and b. In the case of aldolase, data shown in Figure 1 clearly shows the evidence of tetramer compression, especially in cases where lower charge states are studied. To build representations of such a compacted aldolase tetramer, we subjected the crystal structure of an aldolase monomer to simulated annealing in the gas phase, producing a compacted monomer structure in good agreement with experimental CCS measurements. We then constructed an aldolase tetramer using the compacted experimental CCS as a constraint, but keeping the symmetry and quaternary organization of the monomers similar to those found in the crystal structure. To build this model, it was necessary to minimize the number of contacts between adjacent monomers, thus likely weakening the interactions between individual aldolase units. The dashed orange line in Figure 3a represents the size ratio found in this Bcompact native-likeŝ tructure, and projects a CCS ratio value lower than 91.2% of our experimental data. As such, this model accounts for the majority of our CS and CCS measurements. Models for a compacted avidin tetramer are more problematic to conceptualize, as we collected no direct evidence of tetramer compaction in our CIU data shown in Figure 2a . To constrain a compacted tetramer model, we recorded CCS values for stripped trimer ions produced from CID (Figure 3c ). We were able to observe such trimer product ions from multiple avidin precursors, and all ions observed possess a smaller CCS value than any X-ray derived trimer (red dashed line, Figure 3c ). Owing to the comparatively low CID efficiency observed for charge reduced aldolase tetramer ions, we are unable to record CCS values for aldolase trimer product ions in a similar manner. Using experimental measurements of compact avidin monomers, a coarse-grained symmetrical trimer geometry was generated, and found to agree well with experimental trimer CCS values (2385 versus 2381 Å 2 ). Following this optimization, an exhaustive Monte Carlo search was performed to develop a model of the avidin tetramer based on restraints derived from the compacted trimers and monomers observed as product ions, along with the 'native-like' tetramer size recorded for all low charge state ions in Figure 2a . Models that satisfy the monomer and trimer experimental CCS restraints and have sufficient spherical overlap between subunits to indicate physical interaction (>15%) have tetramer CCSs that are well below experimental CCS measurements (6% smaller for the model in closest agreement; see Supplemental Table 1 ). Alternatively, models that satisfied experimental restraints for monomer, trimer, and tetramer CCS were found to not represent physically-realistic quaternary structures, possessing a spherical overlap of only 2.6%, well below the threshold typically invoked for biologically relevant contacts (15%) [11] .This result implies that a compacted avidin intermediate must be transient on the millisecond timescale of our IM measurements, leading to a form of the protein complex that produces monomer and trimer product ions that possess charge states and sizes that align with our data, but does not possess an intact CCS resembling the values recorded directly for the avidin tetramer. During this process, we also constructed an avidin tetramer model in a similar fashion to those we built for aldolase. Both of these models, when projected onto Figure 3b , account for a significantly larger portion of the data collected for avidin CID product ions compared with those values extracted directly from unmodified X-ray coordinate files, with a simple compacted model (Figure 3b , dashed line in orange) accounting for a larger portion of the data (93.5%) than a model that includes rearrangements that account for our avidin trimer size measurements (91.9%; Figure 3b , dashed line in blue).
Conclusions
In the gas phase, multiprotein complex ions retain native-like conformations that can be readily measured by IM-MS [5, 6] . With additional subunit and subcomplex IM-MS size measurements, where the subunits and subcomplexes also retain a semblance of their native-like, intra-complex conformations, solution-relevant coarse-grained and hybridized models of the complex structure can be produced [10] [11] [12] . Traditional methods of disrupting complexes in solution are not universal, and require extensive screening to produce optimized solution conditions [9, 23] . Gas-phase dissociation of complexes is, in principle, a more general route to the same information; however, native-like monomer conformations are rarely retained in the gas phase following ejection from an intact assembly when collisional activation is employed [26] [27] [28] . Under charge reducing conditions, evidence of compact monomer dissociation events, which are ideally suited for model building, has been demonstrated for the TTR tetramer [29] . Here, we show similar evidence for two additional proteins, aldolase and avidin, which readily produce compact gas-phase monomers following collisional activation of charge reduced ions.
While CID, CIU, and CS for charge reduced aldolase and avidin ions confirms their ability to produce compact monomeric product ions, it also shows that both of these assemblies access a highly-compacted intermediate form prior to dissociation of compacted monomers. Simulated annealing generates compact monomers with sizes that agree with experimental measurements. The CCSs of tetramers built from these compacted monomers, where a native-like geometry is maintained, also agrees with experimental measurements where available. Avidin tetramer, unlike aldolase, appears to maintain a constant size until the onset of unfolding, despite CS and CCS evidence indicating compacted monomer and trimer building blocks. A Monte Carlo search of potential tetramer conformations constrained by all experimental data failed, resulting in non-physical tetramers having minimal subunit-subunit contact and/or too compact to agree with experimental tetramer CCS values. From these models, we infer the existence of a compacted, transient avidin tetramer conformation that is not observed on our experimental timescale. Figure 4 presents the two distinct pathways for unfolding and dissociation taken by aldolase and avidin. These represent the first such mechanisms that invoke a compacted form, either stable or transient, as the critical precursor for protein complex CID product ion formation. Under the purple-colored pathway (left), aldolase undergoes tetramer compaction to produce a structure stable on the IM-MS timescale. Dissociation of this compacted tetramer produces compact product ions (trimer, marked by *, was not observed because of the low CID efficiency of charge reduced aldolase). Under the red-colored pathway (right), the avidin tetramer forms a compact, rearranged transient species, which is not observable on the timescale of the IM-MS experiment, and acts as the precursor structure for complex CID. Dissociation proceeds from this transient compact species to generate compact product ions. The structures and dynamics of these two protein complexes are currently being explored in detail to understand more broadly the key factors in accessing the two distinct CID pathways depicted in Figure 4 . The compaction of aldolase observed during CIU strongly resembles the compaction of charge reduced multiprotein complexes having ring-like quaternary structures, despite the fact that the aldolase structure possess no significant internal cavity [52] . Avidin is known to have particularly strong intermolecular interactions and falls in the 'dimer of dimers' class of tetramers [23] .The CIU data for both aldolase and avidin, but specifically in the case of the latter complex with respect to its lack of an experimentally-observed compaction mode, resembles previous reports for TTR [29] and, as such, it is possible that such compact intermediates are a general feature in the CID of charge-reduced protein complexes. Figure 4 . Proposed dissociation pathways for aldolase (purple) and avidin (red). Both systems produce compact product ions through compaction of the tetramer prior to dissociation. The key differences between the two systems are the lifetime of the compact species, and potential remodeling of the quaternary structure of avidin in the transient compact state. The lifetime of the compact avidin species is such that it cannot be observed on the timescale of our IM-MS experiments. Aldolase trimer ( ) was not measured due to low CID signal intensity for charge reduced precursor ions
